Hepatocellular carcinoma (HCC) is the most lethal and common type of liver cancer with limited treatment options at the advanced stage. The use of immune checkpoint inhibitor (ICI) based immunotherapy is exponentially increasing in the treatment of patients with advanced solid tumors. The expression of immune checkpoints on tumor cells leading to lower activity of T-cells is one of the major mechanisms of immune escape. Checkpoint blockade immunotherapies with antibodies against PD-1, PD-L1 or CTLA-4 are being investigated in clinical trials in HCC patients. ICIs have improved survival in patients with inoperable advanced stage HCC where other curative treatments are not applicable. However, the response rates remain low with only a small subset of patients responding to this therapy. There is an unmet need to identify predictive markers to select those HCC patients who would benefit from ICI therapies. Importantly, epithelial-to-mesenchymal transition (EMT), a major process driving HCC invasion and metastasis by regulating the phenotypic cellular switching from epithelial to mesenchymal state, has been implicated as a resistance mechanism associated with ICI therapies. The role of EMT as a regulator of immune checkpoint molecule in HCC is just emerging. However, the consequence of EMT as a resistance mechanism in HCC patients undergoing ICI treatments remains unexplored. In this review, we summarize the recent clinical studies with ICIs in HCC and highlight the trials underway featuring novel monotherapies and combinatorial approaches based on immune and non-immune therapies. We will discuss the ongoing efforts to discover new immune checkpoint molecules in HCC as potential drug targets. We also highlight the role of EMT in facilitating therapy resistance in HCC treated with ICIs and discuss potential strategies to circumvent resistance in ICI treated HCC patients.
INTRODUCTION
Hepatocellular carcinoma (HCC) is the most frequent type of primary liver cancer and is associated with a high mortality rate [1] . The incidence of HCC is increasing annually by 3%-9% worldwide and the number of new cases and the number of deaths are almost in equal proportions [2] . Patients diagnosed with early stage HCC, have a better prognosis than advanced stage HCC patients with unresectable tumors [3] . Surgical resection and liver transplantation, the curative treatment approaches for early stage HCC provides 5-year survival rate of greater than 70% [4, 5] . Loco-regional therapies such as radiofrequency ablation (RFA), thermal and non-thermal ablation and transarterial chemoembolization (TACE) are also available as alternative treatment options for unresectable early stage HCCs [6] [7] [8] . However, the multi-targeted tyrosine kinase inhibitor (TKI) Sorafenib and Lenvatinib are the only first-line treatment available for the inoperable advanced stages of HCC [9] .
As the survival benefit with Sorafenib is limited to only 3 months [10] , several clinical trials have examined the suitability of new drugs for the treatment of patients with advanced stage HCC [11] . TKIs such as Regorafenib, Ramucirab, and Cabozanitib have been recently approved by the Food and Drug Administration (FDA) as second-line treatment alternatives for HCC patients previously treated with Sorafenib [12] [13] [14] [15] . In addition, a combination therapy of TACE plus Sorafenib from the TCTICS trial also reported improved progression-free survival [11] . However, the limited survival benefit and associated toxicity with TKIs suggests an urgent need for better and efficacious treatment approaches for advanced stage HCC.
Immunotherapy has emerged as a potential alternative in the treatment of cancers following the clinical success of immune checkpoint inhibitors (ICIs). ICIs target the negative immune regulatory pathways such as cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and the programmed cell death protein-1/ programmed cell death ligand 1 (PD-1/PD-L1) which inhibit T-cell immune response. ICI treatments have demonstrated dramatic anti-tumor clinical effects in several malignancies including melanoma, lung cancer and renal cell carcinoma [16] [17] [18] [19] . Immunotherapeutic approaches based on ICIs have substantially enhanced disease-free survival in HCC patients resulting in the approval of anti PD-1 monoclonal antibodies, Nivolumab and Pembrolizumab, as second-line treatment options for advanced HCC [20] [21] [22] . Notably, Nivolumab increases survival in HCC patients to 17 months, far exceeding the 3 months extension in survival offered by Sorafenib [20] .
In this review, we will highlight the clinical trials that address the utility of ICIs as therapeutic tools in the management of HCC. We will focus on ICIs as monotherapies and combination therapy regimen for HCC patients. Although ICIs have proven to be effective, therapeutic resistance occurs in the majority of patients, leading to tumor progression. We explore EMT process as a main resistance mechanism to immune checkpoint blockade therapy and review studies that link EMT to immune checkpoint regulation.
IMMUNOTHERAPY BASED ON IMMUNE CHECKPOINT BLOCKADE
Immune equilibrium is vital for preventing uncontrolled immune responses leading to severe inflammatory conditions or autoimmune disorders [23, 24] . The immune equilibrium is maintained by balance between coinhibitory and co-stimulatory signals that regulate T-cell activation [23] [24] [25] . T-cells are activated when specific antigens are recognized by T-cell receptors, whereas, the immune checkpoints provide an inhibitory effect on the activation of T-cells [23, 24] . Immune checkpoint molecules are thus responsible for self-tolerance and prevent immune overstimulation in normal conditions [23, 24] . However, the cancer cells hijack these immune checkpoint molecules to bypass T-cell-mediated cytotoxicity resulting in tumor immune evasion [26] .
ICIs are the class of immunotherapeutic drugs including monoclonal antibodies against immune checkpoint molecules that stops the inhibitory effects of immune checkpoint molecules on T-cells resulting in the restoration of immune-mediated antitumor activity [16, 27] . The first ICI drug approved by FDA for cancer immunotherapy was Ipilimumab (anti-CTLA-4) for treatment of advanced melanoma [26] . The PD-1/PD-L1 pathway along with CTLA-4 are the most studied and targeted molecules in cancer immunotherapeutic research and clinical trials [28] . Several other immune checkpoint molecules have also been assessed as potential targets such as TIM-3, BTLA, VISTA, LAG-3, VTCN1, CD73, B7-H3 and OX40 [23, 25] . ICIs have shown clinical benefits in several other cancers such as lung cancer and renal cell carcinoma following its approval in melanoma [16] [17] [18] [19] .
FEASIBILITY OF IMMUNE CHECKPOINT BLOCKADE IN HCC
Immune checkpoint blockade therapy can be exploited as an alternative treatment approach in HCC similar to other cancers, as liver possess a unique immunobiology [29] . The tumor microenvironment (TME) in HCC is known to play a vital role in immune activation or suppression contributing to either tumor eradication or tumor progression [6, 30] . The strong intrinsic immune suppressive microenvironment of the liver results in intrahepatic tolerogenicity [6, 31] . Some of the key players contributing to immunological tolerance in liver are liver sinusoidal endothelial cells, Kupffer cells and hepatic dendritic cells [6] . This immune suppressive microenvironment is more evident during formation and progression of HCC depending on several mechanisms including expression of immune checkpoint molecules leading to the development of an anti-tumor immunity [6, 32] . These immune evasive abilities of HCC make immunotherapy a plausible therapeutic option in HCC. Several clinical studies have already reported efficacy of ICI drugs in HCC. However, only two ICI drugs, Nivolumab and Pembrolizumab, have been approved for HCC patients previously treated with Sorafenib based on the CheckMate 040 trial and Keynote-224 trial respectively [20, 22] .
ICIS IN THE CLINICAL MANAGEMENT OF HCC
Several clinical trials have been conducted and many others are ongoing in HCC including ICIs alone or in combination with other therapeutic agents. The clinical studies of ICIs in HCC constitute targeting PD-1, PD-L1 and CTLA-4. The key findings from some major earlier clinical studies of ICIs in HCC are summarized in Table 1 . The clinical immune checkpoint blockade studies have either been as a monotherapy or combination therapy.
ICI AS MONOTHERAPY IN HCC
ICIs have been used as monotherapy in several clinical studies for HCC as summarized in Table 2 .
ICIS BLOCKING CTLA-4
CTLA-4 is a protein receptor expressed on activated T-cells and Tregs which binds to CD80 and CD86 upon stimulation such that it blocks the binding of CD28 to CD80 and CD86 and inhibits T-cell activation [23, 33] . A study has shown that treatment with anti-CTLA-4 antibody resulted in increased frequency of tumor-associated antigens such as interleukin (IL)-1, IL-6 and macrophage inflammatory protein-1 in 60% of HCC patients [34] .
Tremelimumab
In HCC, the first clinical trial using ICI was Tremelimumab, anti-CTLA-4, reported by Sangro et al. [35] . In this trial, HCC patients with chronic Hepatitis C viral infection were treated with Tremelimumab and 3 out of 17 assessable patients showed partial responses (17.6%) and an additional 10 patients (58.8%) had stable disease resulting in time-to-progression of 6.48 months and overall survival of 8.2 months (NCT01008358) [35, 36] . Tremelimumab is the only anti-CTLA-4 ICI which is undergoing a phase III trial as monotherapy in HCC as of September 2018 [28] .
ICIS BLOCKING PD-1
PD-1, a key regulator of T-cell mediated immune response, is expressed by activated T cells, B-cells, natural killer cells, Tregs, myeloid-derived suppressor cells (MDSCs), monocytes and dendritic cells [37] .
Nivolumab
Nivolumab is the first recombinant monoclonal human IgG4 antibody specific for PD-1 [11] . Nivolumab is also the first FDA approved ICI for HCC based on the CheckMate 040 trial (NCT01658878) [20] . The phase I/II study of CheckMate 040 trial with 262 treated patients and 202 patients with complete treatment reported a response rate of 20% with three complete responses and 39 partial responses in patients with advanced HCC and Child-Pugh A cirrhosis who progressed on or were intolerant to Sorafenib [20] . There are several ongoing clinical trials for Nivolumab in HCC either as monotherapy or in combination. The success of earlier clinical studies of Nivolumab led to a phase III clinical trial CheckMate 459 (NCT02576509) examining Nivolumab as a first-line therapy in HCC and comparing the effects with Sorafenib in 726 HCC patients [38] . However, a press release from Bristol-Myers Squibb recently announced that the topline results from the phase III clinical trial CheckMate 459 failed to meet its primary endpoint of overall survival. Nivolumab is also being studied as an adjuvant therapy after surgical resection or ablation therapy in a second phase III trial CheckMate 9Dx (NCT03383458) [28] . There are several ongoing clinical trials for Nivolumab in HCC either as monotherapy or in combination with other therapies.
Pembrolizumab
Pembrolizumab is another recombinant monoclonal human IgG4 antibody specific for human PD-1. Pembrolizumab gained approval for HCC patients previously treated with Sorafenib in November 2018 [22] . A clinical study with 450 Asian HCC patients to evaluate efficacy and safety of Pembrolizumab or placebo with best supportive care (NCT03062358) is ongoing [16] . Another study is examining Pembrolizumab before and after surgery or ablation to evaluate HCC recurrence (NCT03337841) [16] . Recently, a phase III clinical study Keynote-240 investigating Pembrolizumab plus best supportive care compared to placebo plus best supportive care failed to meet its co-primary endpoints of overall survival and progression free survival in 413 patients with advanced HCC previously treated with systemic therapy [39] . Similar to Nivolumab, there are several ongoing trials of Pembrolizumab in HCC either as monotherapy or in combination with other treatments.
Tislelizumab
Tislelizumab is also another human IgG4 against PD-1 [40] . A phase I trial of Tislelizumab in 61 patients with solid cancers including HCC confirmed the safety of this drug [28] . In HCC, Tislelizumab is undergoing two clinical studies, one is a phase II clinical study assessing safety, efficacy and pharmacokinetics of the drug in 228 previously treated unresectable HCC patients (NCT03419897) and another is a phase III clinical study that compares safety and efficacy of Tislelizumab with Sorafenib as first line systemic treatment in 660 patients with unresectable HCC (NCT03412773) [28, 41] .
Camrelizumab
Camrelizumab is a human IgG4 mAb against PD-1 which was reported to exhibit an anti-tumor response in 58 patients with solid cancers including HCC in a phase I trial [42, 43] . Currently, several clinical studies are ongoing with Camrelizumab in HCC either alone or in combination with other treatments [40] . A phase II/III trial of Camrelibzumab reported a response rate of 13.8% and 6 month overall survival rate of 74.7% in HCC patients previously treated with systemic treatment (NCT02989922) [44] .
ICIS BLOCKING PD-L1
PD-L1 is the main ligand for PD-1 that is responsible for suppression of T-cell migration, proliferation and secretion of cytotoxic mediators [45, 46] . Studies have shown that higher expression of PD-L1 is associated with poor prognosis in HCC patients [25, [47] [48] [49] [50] . A study reported that PD-L1 expression by neoplastic and intratumoral inflammatory cells was associated with tumor aggressiveness [47] .
Durvalumab
Durvalumab is an anti-PD-L1 antibody which has been approved for treatment of advanced or metastatic urothelial carcinoma and non-small cell lung cancer [40] . Durvalumab was reported with a 10% response rate and median survival of 13.2 months in a cohort of 40 HCC patients in a phase I/II clinical study of Durvalumab monotherapy for solid cancers including HCC (NCT01693562) [51] .
Avelumab
Avelumab is a human IgG1 mAb targeting PD-L1 with ongoing trials for both monotherapy and combination therapy in HCC [40] . A phase II study of Avelumab is ongoing with 30 HCC patients previously treated with Sorafenib (NCT03389126) [40] .
ICI AS COMBINATION THERAPY IN HCC
Despite promising results from clinical studies of ICIs as monotherapy in HCC, only a small patient population benefit from specific immune checkpoint blockade therapy [52] . Thus, several combination approaches have been utilized to improve the efficacy of ICI therapy. In HCC, the combination of anti-CTLA-4 and anti-PD-1/PD-L1 along with combinations of ICIs with other immune and non-immune based treatment approaches are being studied. The combination therapies with ICI for HCC are summarized in Table 3 .
IMMUNE-BASED COMBINATION THERAPIES FOR HCC
The blockade of CTLA-4 and PD-1/PD-L1 is the most promising ICI combination therapy that could enhance the anti-tumor effects in HCC. This combination blockade therapy has been very effective as an immune dampener as CTLA-4 signaling prevents the initiation of a T-cell response, while the PD-1/PD-L1 axis limits T-cell activity in the TME [28] . Since its FDA approval in 2011 for advanced melanoma, Ipilimumab (anti-CTLA4) has also been approved for renal cell carcinoma in combination with another ICI, Nivolumab (anti-PD-1), based on CheckMate 214 [53, 54] . In HCC, there are four ongoing trials combining Ipilimumab with other ICIs [40] . The first study is the combination therapy of Ipilimumab and Nivolumab for HCC patients before liver resection (NCT03682276) [40] . The second study is also a combination therapy with Nivolumab as neoadjuvant therapy for HCC (NCT03510871) [40] . A third study compares the combination of Ipilimumab and Nivolumab versus Nivolumab alone in resectable HCC (NCT03222076) [40] . The fourth study also compares combination of Ipilimumab and Nivolumab with Nivolumab alone in terms of safety and tolerability, after external beam photon stereotactic body radiotherapy in patients with unresectable HCC (NCT03203304) [40] .
Tremelimumab (anti-CTLA4) + Durvalumab (anti-PD-L1)
A phase I/II clinical study including combination of Tremelimumab (anti-CTLA4) and Durvalumab (anti-PD-L1) in 40 HCC patients reported a response rate of 25% and manageable toxicity profile [55] .
Currently, a phase III study of combination therapy including various dosage regimens of Durvalumab and Tremelimumab versus Sorafenib is ongoing to compare the efficacy of these therapeutic approaches (NCT03298451) [56] . Similar combination therapy of Tremelimumab and Durvalumab is being studied in a phase II trial in HCC patients previously treated with Sorafenib (NCT02519348) [52] .
Other ICI combinations
Besides CTLA-4, other immune checkpoint molecules such as TIM-3 and LAG-3 are also being examined in combination with PD-1/PD-L1 blockade therapy [52] . There are ongoing clinical studies with combination of anti-TIM3 antibody LY3321367 with anti-PD-L1 antibody LY3300054 (NCT03099109), anti-LAG-3 antibody REGN3767 with or without the anti-PD-1 antibody REGN2810 (NCT03005782) [16] .
NON-IMMUNE-BASED COMBINATION TREATMENTS WITH ICIS
The effects of ICI therapy in HCC could be enhanced when combined with non-immune-based therapies such as chemotherapy with the aim to improve anti-tumor efficacy and survival in HCC.
Atezolizumab (anti-PD-L1) + Bevacizumab (anti-VEGF)
Atezolizumab is a human IgG1 mAb against PD-L1 which is being studied in combination with Bevacizumab (anti-VEGF antibody) in several clinical studies [57, 58] . A phase I study of Atezolizumab and Bevacizumab as combination therapy reported a tolerable safety profile and promising response rates in patients (NCT02715531) [58] . Another phase III trial is ongoing for combination of Atezolizumab and Bevacizumab with 480 patients with advanced or metastatic HCC (NCT03434379) [57] .
Pembrolizumab (anti-PD-1) + Lenvatinb (multikinase inhibitor)
Pembrolizumab (anti-PD-1) in combination with Lenvatinib (a multikinase inhibitor) is currently being compared with Lenvatinib plus placebo as first-line treatment option in 750 HCC patients (NCT03713593) [59] . The combination therapy of Pembrolizumab and Lenvatinib reported a 42% response rate and median progression free survival of 9.69 months in HCC patients as per results presented at the ASCO 2018 [28, 57] . Another study is also ongoing with combination therapy of Pembrolizumab and Lenvatinib (NCT03006926) [16] .
Camrelizumab (anti-PD-1) + Apatinib (TKI)
Camrelizumab (SHR-1210) is an anti-PD-1 antibody, which in combination with Apatinib, a TKI, has been reported at the ASCO 2018 meeting in a phase I trial with 18 HCC patients to demonstrate a response rate of 38.9% and a median progression free survival of 7.2 months (NCT02942329) [60] .
Spartalizumab (anti-PD-1) + other agents
Spartalizumab is a human IgG4 mAb against PD-1 that is currently being studied in combination with other drugs such as Sorafenib (NCT02988440), Capmatinib (c-Met inihibitor) (NCT02795429), NIS793 (anti-TGF-β) (NCT02947165) and FGF401 (fibroblast growth factor receptor 4 inhibitor) (NCT02325739) [40] .
Other combinations
Several studies are ongoing for other combination of ICIs with molecular targeted agents such as Nivolumab + Lenvatinib (NCT03418922), Nivolumab + Cabozantinib (NCT03299946), Nivolumab + Bevacizumab (NCT03382886), Pembrolizumab + Regorafenib (NCT03347292), Pembrolizumab + Sorafenib (NCT03211416), Avelumab + Axitinib (NCT03289533), and others [28] .
There are ongoing early-phase studies with a combination of ICIs with other therapeutic agents such as the DNA methyltransferase (DNMT) inhibitor Guadecitabine (NCT03257761), the anti-OX40 mAb INCAGN01949 (NCT03241173), the anti-phosphatidylserine mAb Bavituximab (NCT03519997) and others [16] .
COMBINATION WITH LOCAL THERAPY
Strategies to improve the potential efficacy of ICIs in HCC are being investigated in several ongoing clinical trials by including the addition of other conventional therapies such as TACE, RFA and other local therapies. Radiotherapy has been demonstrated to provide synergistic effect in combination with PD-L1 or CTLA-4 inhibitors [61, 62] .
Nivolumab (anti-PD-1) + local therapy
Nivolumab in combination with TACE using drug-eluting beads is under study to assess the safety of this combination in a phase I trial (NCT03143270) [63] .
Pembrolizumab (anti-PD-1) + TACE
A phase I/II study of Pembrolizumab post TACE is evaluating safety and efficacy of the combination therapy (NCT03397654) [28] .
Tremelimumab (anti-CTLA4) + RFA or TACE
Tremelimumab was also examined in combination therapy with RFA or TACE to test if tumor necrosis could induce antigenic stimulation and systemic immune response enhanced by immune checkpoint blockade (NCT01853618) [16, 64] . This study resulted in partial response in 5 patients (26%) out of 19 evaluable patients and 12 patients (63%) had stable disease with time to progression 7.4 months and median overall survival of 12.3 months [16, 64] .
Other combinations with local therapies
In addition to above mentioned trials, there are several other clinical studies ongoing to assess the combination of ICIs with local therapies including Nivolumab plus radioembolisation using yttrium-90 (NCT03033446), Durvalumab + Tremelimumab combined with radiotherapy (NCT03482102), Pembrolizumab with the oncolytic viral preparation Talimogene Laherparepvec (NCT02509507) and others [28, 65, 66] . These studies suggest another therapeutic option for treating chemoresistant cancer may become available.
OVERCOMING THE LIMITATIONS OF IMMUNE CHECKPOINT BLOCKADE THERAPY
Despite the clinical success with immune checkpoint blockade therapy, there have been several limitations. One of the major limitations of using ICIs is the associated significant adverse events from the therapy [28, 52, 67] . Johnson et al. [68] have reported two cases of lethal myocarditis in melanoma patients treated with combination of Nivolumab and Ipilimumab. In HCC, ICI monotherapy has shown some tolerable adverse effects such as fatigue, rash, pruritus and increase of serum transaminases that could be managed either by steroid therapy or discontinuation as there were no fatal adverse effects [20, 35, 52] . Several other immune-related adverse events such as pulmonary, gastrointestinal, cardiac, rheumatologic, renal, endocrine, neurologic and dermatologic toxicities have been reported in various cancers treated with ICIs [69] . The ideal management of adverse events is to identify these adverse events early with careful monitoring and use of respective treatment options [69] . Gastrointestinal toxicities including diarrhoea have been managed with anti-motility agents such as loperamide, diphenoxylate/atropine or higher fibre intake [69] . Similarly, the possible liver toxicities post ICI therapy can be managed through liver function tests prior to therapy followed by steroids and mycophenolate mofetil if necessary [70] . These toxicities can be rare in incidence but clinicians should monitor these events and act promptly for proper management [69] .
Another important limitation of immune checkpoint blockade therapy is poor response to ICI therapy whereby the patient fails to respond after the initial therapy or the patient develops resistance to ICI following initial response [67] . In hepato-pancreatic-biliary cancers, a majority of patients fail to respond to ICI therapy [71] . The failure of ICI therapy can result from three factors: (1) mutations of the immunogenicity of cancer itself leading to variable expression of immune related components; (2) redundancy due to expression of other immune checkpoint molecules besides the targeted molecule; and (3) decreased T-cell infiltration [46, 72, 73] . A study by Gopalakrishnan et al. [74] reported that the gut microbiome altered melanoma patient response to anti PD-1 ICIs. Similarly, another study in liver cancer revealed that the gut microbiome utilizes bile acid to regulate immune responses [75] .
The expression of immune checkpoint molecules varies among individuals suggesting the need for predictive biomarker to improve the efficacy of ICI therapy [28] . The expression of PD-L1 and tumorinfiltrating lymphocytes has been reported to be associated with success of ICI therapy [28] . The FDA has approved an IHC test for PD-L1 expression as a predictive biomarker [76] . However, some patients with low PD-L1 expression responded well to Nivolumab [77] . There is need for more robust predictive biomarkers for ICI therapy besides PD-L1 expression. Tumor mutation burden (TMB), a measure of the overall number of mutations in the tumor specimen, has also been reported as a potential predictive biomarker in ICI therapy [25] . Moreover, overexpression of alternative immune checkpoint molecules such as TIM-3 and LAG-3 following anti-PD-1 therapy has been reported [72] . In a clinical study of 422 HCC patients, although PD-L1 expression alone lacked predictive power, combining PD-L1 expression with epithelial-to-mesenchymal transition (EMT) phenotype marker expression was associated with poor overall survival and recurrencefree survival [25] . As EMT has also been implicated as a resistance mechanism in patients undergoing ICI treatments, a better understanding of this process may aid in overcoming resistance to ICI therapies. Figure 1 summarizes the association between EMT and immune checkpoint regulation and also depicts the EMT process as a main resistance mechanism to immune checkpoint blockade therapy.
ROLE OF EMT IN IMMUNE CHECKPOINT BLOCKADE THERAPY
EMT is a complex cellular process that enables epithelial cells to gain mesenchymal features resulting in aggressive and motile phenotype [78] . The EMT process enables cells to move distances and participate in the formation of internal organs, while the reverse process mesenchymal-to-epithelial transition (MET) enables cells to settle, proliferate and differentiate into different organs once they reach the destination [79] [80] [81] . EMT is regulated by several factors including transcription factors such as Snail, Twist, zinc-finger E-boxbinding transcription factor, ZEB and others [78, 82] . EMT is often induced by various cell signalling pathways such as TGF-β, Wnt, STAT and NOTCH pathways [83] . The process of EMT induces epithelial carcinoma cells to transition to metastatic tumor cells such that tumor cells spread from their primary site to a new secondary site where the reverse phenomenon MET enables the metastasized tumor cells to proliferate and differentiate to form secondary tumors [84, 85] . Accumulating evidence implicates the process of EMT in promoting immune evasion of cancer cells [78, 86] .
Several in vivo patient and animal model studies have shown that the activation of EMT in HCC promotes tumor progression and metastasis [87] . In vitro studies have shown that TGF-β-induced EMT activates CXCR4/CXCL12 which in turn contributes to HCC tumor progression [88, 89] . Another study in a mouse model has reported that miR-181, regulated by TGF-β, is upregulated in HCC and promotes carcinogenesis [90] . The association of EMT and HCC has also been reported in several clinical studies. A study of 123 HCC patient samples reported that the majority of clinically aggressive HCC samples had decreased E-cadherin expression, a marker of EMT status [91] . In addition, the study also reported that EMT transcription factors Snail and Twist were associated with poor prognosis in HCC with increased invasive and migratory potential [91] . Another study reported that HCC patients with mesenchymal tumor phenotype showed earlier recurrence compared to patients with epithelial phenotypes [92] . Moreover, the study also showed that patients with epithelial tumor phenotype were more responsive to Sorafenib [92] . Collectively, these studies have demonstrated the pivotal role of EMT in HCC progression.
Accumulating evidence shows that cancer cells undergoing EMT can influence the components of the TME and facilitate immune escape by tumors [86, 93] . The immune components within the TME are comprised of immunosuppressive cells including MDSCs, cancer-associated fibroblasts, tumor-associated macrophages and Treg cells [94] . EMT facilitates immune evasion of tumor cells by influencing these immunosuppressive TME cells. For instance, EMT promotes an immunosuppressive TME by recruitment of tumor-associated macrophages through regulation of cytokines [95] . EMT also contributes to immunosuppression through Mesenchymal-like tumor cells with elevated expression of different immune checkpoint molecules are more resistant to ICI therapy compared with epithelial-like tumors. The coexistence of features of EMT and expression of immune checkpoint molecules opens the possibility of a mechanistic link between these processes and EMT markers in combination with immune checkpoint molecules can be studied in a prognostic or therapeutic context. PD-L1: programmed death protein ligand -1; EMT: epithelial-to-mesenchymal transition regulation of immune checkpoint molecules as reported in several instances earlier in this review. EMT is also known to promote immune resistance to NK cell-mediated lysis [94] . An EMT inducer, TGF-β, promotes immunosuppression by several mechanisms including impaired maturation, differentiation or activation of innate and adaptive immune cells, inhibition of cytotoxic T-cell functions and dysregulating cytokine production [94] . The association of EMT and immunosuppression in tumor cells has also been reported in HCC. A study reported that hypoxia-induced EMT promotes overexpression of CCL20 resulting in reduced CD4 + and CD8 + T-cell proliferation along with increased immunosuppressive Treg cells [96] . A study has reported that Snail-induced EMT is associated with immunosuppression in cancer patients [86] .
In addition, a study has shown that there is an association between EMT score of tumor cells and expression of immune checkpoint molecules such as PD-1, PD-L1, PD-L2, B7-H3 and others [97] . Several lung cancer studies have reported the association between EMT and immune checkpoint molecules. One of the earlier studies in lung adenocarcinoma reported that EMT was strongly associated with upregulation of multiple targetable immune checkpoint molecules such as PD-1, PD-L1, PD-2, CTLA-4, BTLA, B7-H3 and TIM-3 [98] . Similarly, another study in lung adenocarcinoma demonstrated that EMT phenotype was related to PD-L1 overexpression [99] . Notably, a significant correlation between mesenchymal phenotype with expression of immune checkpoint molecules such as PD-1, PD-L1, CTLA-4, OX40L and PD-L2 was confirmed in lung cancer [97] . MUC1-C has been reported to simultaneously induce EMT and the expression of PD-L1 in non-small cell lung cancer [93] . In lung cancer cell lines, induction of EMT through downregulation of miR-200s and ZEB1 overexpression resulted in increased PD-L1 expression [100] . A very interesting study by David et al. [101] utilized M7824, a bifunctional fusion protein, inhibiting PD-L1 and TGF-β to demonstrate that TGF-β-induced immunosuppression in non-small cell lung cancer was mediated by PD-L1 upregulation. Chae et al. [102] reported reduced infiltration of immune cells with antitumor functions and increased infiltration of immune cells with immunosuppressive functions in mesenchymal non-small cell lung cancer. This study further reported increased expression of immune checkpoint molecules CTLA-4 and TIM-3 in mesenchymal lung adenocarcinoma and lung squamous cell carcinoma [102] .
Furthermore, PD-L1 expression was closely related with EMT as higher PD-L1 expression was observed in oral squamous cell carcinoma cells co-cultured with mesenchymal phenotypes [103] . In breast cancer, Noman et al. [104] revealed that ZEB-1/miR200 or Snai1 simultaneously induced EMT and upregulated the expression of PD-L1. Chen et al. [105] demonstrated that EMT positive human esophageal cancer tissues had higher PD-L1 expression compared to an EMT negative subgroup. Similar studies have shown an association between EMT and immune checkpoint expression in several cancers including thymic carcinoma [106] , melanoma [107] , adeno cystic carcinoma [108] , extrahepatic cholangiocarcinoma [109] and renal cell carcinoma [110] .
Many studies have reported several pathways involved in the regulation of PD-L1 by EMT. PD-L1 expression in non-small cell lung carcinoma was regulated by DNA methylation in a TGF-β1 dependent manner and by NF-κB/IKKε signalling pathway in a TNF-α dependent manner [111] . Another study in lung cancer demonstrated that p-Smad2 dependent TGF-β signalling is involved in PD-L1 overexpression [101] . Epidermal growth factor also induced EMT and PD-L1 expression in breast cancer and salivary adenoid cystic carcinoma cells [108, 112] .
In HCC, a significant association of EMT phenotype with PD-L1 expression was reported in 422 HCC patients [25] . The study confirmed that high risk HCC patients had significantly higher expression of mesenchymal marker Vimentin and lower expression of the epithelial marker E-cadherin along with elevated expression of PD-L1 [25] . Moreover, the combined coordinate expression of PD-L1 with E-cadherin and Vimentin was associated with poor overall survival and recurrence-free survival [25] . This study suggested that patients with an EMT phenotype may benefit from PD-1/PD-L1 blockade therapy. In vitro studies demonstrating the direct link between EMT and immune checkpoint expression in HCC are currently lacking.
A few studies have examined the regulation of immune checkpoints in HCC with cytokines that are known to induce EMT, but no EMT markers were evaluated in these studies. One such study in HCC identified that blocking PD-L1 and TGF-β enhanced the immune response against tumor suggesting the combination approach of ICIs and TGF-β inhibitor drugs [113] . The crosstalk between cytokines interferon (IFN)-γ and TNF-α was shown to synergistically regulate PD-L1 expression in HCC cells [114] . Brown et al. [115] reported that resistance to ICI therapy in HCC was dependent upon overexpression of an immune checkpoint molecule, IDO-1. The authors demonstrated that IDO inhibitors could improve the efficacy and response to ICI therapy [115] . Although a few studies have explored the role of EMT in regulating immune checkpoints in HCC, further studies are warranted in this area. A better understanding of how EMT confers resistance to HCC cells treated with ICIs will enable us to develop more effective treatments for HCC.
Immunotherapy, in particular ICI therapy, has revolutionized the treatment approach in several cancers including HCC. ICI treatment is the best alternative in advanced HCC where other curative treatments are not applicable and when systemic therapies fail [20, 25] . Several ICI clinical trials are underway for HCC, the majority of them target PD-1, PD-L1 and CTLA-4 as monotherapy or in combination with other ICIs or molecular targeted agents [28] . Recent studies have identified several novel immune checkpoint molecules that can be potential targets in HCC [25, 116, 117] .
Despite the clinical breakthrough of ICIs in HCC treatment, the response rate is unsatisfactory with a few adverse effects [28] . In addition, the resistance to ICI therapy has also limited the use of ICIs in a large patient population [72] . The challenge with ICI therapy is to increase the proportion of patients who may gain clinical benefits from this therapy [38] . The use of combination therapy with other ICIs may prove to be beneficial as studies report the emergence of alternative checkpoint molecules reduce the response to ICI therapy [72] . The efficacy of ICI therapy can be improved by early identification and management of adverse events [118] . The selection of patient population who might respond to ICIs is another challenge of ICI therapy [119] . Several predictive biomarkers have been utilized such as expression of immune checkpoint molecules (PD-L1 expression by IHC) and TMB [25, 120] . However, there are limitations to these biomarkers. Studies have shown that PD-L1 negative patients also respond to anti-PD-1 and anti-PD-L1 treatments [120, 121] . In addition, it has been reported that patients with a lower number of mutations also benefited from ICI therapy along with patients with higher mutational load [120, 122] . Thus, there is an urgent need for better predictive biomarkers to improve efficacy of ICI therapy.
Recent studies in several cancers have identified the role of EMT in regulation of immune checkpoint expression. The association between EMT and immune checkpoint expression suggests the utility of EMT status as a potential predictive biomarker in ICI therapy. In addition, EMT inhibitors in combination with ICI may be a potential combination therapy to improve efficacy of ICI therapy in HCC. A few studies have investigated the potential benefits of targeting both EMT and immune checkpoint molecules by utilizing a fusion protein or antibodies targeting TGF-β and PD-L1 [101, 123] . Drugs such as Silimarin and Apatinib have been identified that could block both PD-L1 expression and EMT in non-small cell lung cancer and osteoscaroma suggesting similar potential in HCC [114, 124] . Collectively, inhibiting the EMT process could increase the sensitivity to ICI treatments and both In vitro and in vivo HCC studies in this area will lay the foundation for future clinical trials.
CONCLUSION
The emergence of ICIs has provided much hope in improved cancer therapy in several malignancies including HCC. The majority of clinical studies for HCC are based on a few ICIs either as monotherapy or combination therapy. There have not been sufficient studies exploring novel immune checkpoint molecules and predictive biomarkers for ICIs in HCC. The relationship between EMT and immune checkpoint molecules presents a promising combinatorial approach for the treatment of HCC.
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